A single-walled carbon nanotube presents a seamless cylindrical graphene surface and is thus an ideal adsorption substrate for investigating the physics of atoms and molecules in two dimensions and approaching the one-dimensional limit [1] [2] [3] [4] [5] [6] [7] . When a suspended nanotube is made into a transistor, frequency shifts of its mechanical resonances allow precise measurement of the adsorbed mass down to the single-atom level [8] [9] [10] . Here we show that its electrical characteristics are also modified by the adsorbed atoms and molecules, partly as a result of a small charge transfer between them and the carbon surface. We quantify this charge transfer, finding it similar for many di erent species, and use the associated sensitivity of the conductance to carry out the studies of phase transitions, critical scaling, dynamical fluctuations and dissipative metastable states in a system of interacting atoms confined to a cylindrical geometry.
During this process the G-V g characteristics change slightly: for example, Fig. 1b shows characteristics of YB11 at 47 K in vacuum (black) and in saturated argon (red). The change in G is generally a few percent, and varies between devices (see Supplementary Information 2 for more examples), but it always has one common feature: a distinct shift of the 'gap' along the V g axis, by an amount V g . This shift is usually most apparent and unambiguous at the pchannel threshold, which tends to be sharper. However, in the case of helium we can see that the CB peaks shift roughly uniformly over the entire gate voltage range, as illustrated in Fig. 1c for another device, YB14. Such behaviour is not consistent with a change in capacitance, or in the contact transparency, but rather implies that a net voltage-independent charge is donated by the adsorbates to the nanotube, presumably associated with the hybridization of the adsorbate's orbitals with the surface electron states. From the period V CB of the CB oscillations, which corresponds to adding the charge −e of one electron, we can directly convert V g to a change Q = +e V g / V CB in the total charge on the nanotube. Figure 1d shows how V g changes with argon coverage on device YB11 at several temperatures. In the limit of dense coverage (φ ∼ 0.15), V g approaches ∼ +10 mV, independent of T . With V CB = 11 mV this gives Q ≈ +0.9e, amounting to an average charge transfer per Ar atom of Q/N A ∼ +2 × 10 −5 e, where N A = φN C ∼ 5 × 10 4 is the number of argon atoms and N C ∼ 2.5 × 10 5 the number of carbon atoms in the suspended part of the nanotube. In the limit of sparse coverage, however, V g is approximately proportional to φ, and we can obtain an average charge donated per atom from the slope. It is negative and grows in magnitude with decreasing T , reaching about −7 × 10 −4 e at 42 K. Both limits are plotted together in Fig. 1e . This behaviour is fairly typical, but there are large variations between devices in the sparse coverage limit. For example, with device YB14 there is no apparent negative swing and the CB peak shift is monotonic in helium pressure, as shown in Fig. 1f , although slightly different for the p-channel and n-channel peaks.
Close to threshold the change in G at fixed gate voltage can be large, allowing it to be measured much more precisely than V g . In Fig. 2a we plot both G and φ at a series of equilibrium pressures at 47 K for device YB30. Importantly, the upward swing in G matches the riser in φ, implying that most of the change in G is a result of adsorption on the vibrating part of the nanotube, whatever the mechanism. The decrease in G preceding the riser also tracks the variation of φ, but with the opposite sign. The inset shows G versus φ, which is approximately linear at low density (red line), as expected if in this limit the contribution of each argon atom is independent.
The variation of G with P at fixed T can be measured conveniently by gradually increasing the pressure, at the expense of some accuracy in P. 
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ΔQ/e on device YB24. We see that the behaviour of all these gases is strikingly similar, implying that their hybridization with the nanotube electrons is also very similar. Although this might at first seem surprising, it is consistent with the known fact that they have similar physisorption binding energies on graphite 12 . All are compact molecules/atoms of similar mass with stable electronic configurations and low polarizability, and our results suggest that the physics of the binding is quantitatively generic to such cases.
The effect varies between gases, but with the following common features (see Supplementary Information 2). First, at dense coverage (φ ≈ 0.15) there is a charge transfer to the nanotube of the order of e in total, or around 10
−5 e per molecule, which is almost independent of temperature. For Ar, Q ranged from +0.25e to +0.9e; for N 2 , from −0.4e to +0.2e. Second, the charge transfer (as determined by CB shifts) is almost independent of gate voltage, and thus of a large electric field approaching 1 V nm −1 normal to the nanotube surface. Third, the change in conductance away from the gap on forming a monolayer is usually only a few percent, implying that the backscattering of electrons from adsorbates is very weak. Last, at sparse coverage the charge transfer is often of the opposite sign, grows as T decreases, and varies in magnitude, from undetectable (in device YB14) to about −10 −3 e per molecule (in YB11). One factor in explaining this may be that although some nanotubes, such as YB14, can be deduced to be extremely clean from the phase transitions discussed below, others such as YB11 may have patches of contamination or amorphous carbon. The first adsorbates will attach to higher-binding sites surrounding the patches, where they might also induce a different charge. However, the amount of contamination must be small enough not to produce detectable features in the low-pressure portion of the coverage isotherms. In any case it is clear that the large responses to simple gases previously reported for nanotube [17] [18] [19] [20] and graphene 21, 22 devices were not associated with the clean surface but with contacts, substrate, contamination, or defects 23, 24 , and our results provide a new improved basis for theoretical understanding of adsorption on carbon substrates.
We can now exploit the conductance as a powerful probe of the adsorbate system. It can be sensitive to changes in ordering as well as density; it does not rely on locating a vibrational resonance; and it can be measured with high precision in linear response, so minimally perturbing the system. For the device held near threshold in Fig. 2a, changing N A by one at small φ corresponds to a measurable fractional change in G of ∼10 −3 (although we would expect N A to fluctuate in equilibrium on a microsecond timescale). This sensitivity permits investigation of the collective behaviour of 2D matter on a cylinder. Recent simulations have predicted commensuration effects on the phases on the cylindrical nanotube surface 4 , but for simplicity we focus here on argon, which is less likely to exhibit commensurate solid phases.
For Ar on graphite, the 2D triple point and critical points 25, 26 are T tr ≈ 48 K and T c ≈ 55 K, both lower than the 3D equivalents, with uncertainty of about ±0.5 K in each (see Supplementary  Information 3) . Some nanotube devices, including YB14, show features matching these, implying that Ar on a clean nanotube surface forms a homogeneous quasi-2D system in which the interactions between atoms are the same as on graphite. pressures at the risers are shown on a P-T diagram in Fig. 3b . They are higher than the pressures at the phase boundaries on graphite, indicated by dashed lines. Part of the difference is a systematic error of up to a factor of two caused by the cell pressure P lagging the gauge pressure P g . The lower inset to Fig. 3a illustrates the hysteresis due to this lag at 51 K, and how it can be reduced by slowing the sweep rate to home in on the true equilibrium pressure at the L-V jump, which is plotted as an open red circle in Fig. 3b . The remaining order-ofmagnitude pressure excess is due to weaker binding to nanotubes than to graphite 1 . The conductance can also be employed to investigate critical behaviour. According to the theory of critical phenomena 27 the compressibility of the monolayer, proportional 11 to (φ 2 T ) −1 dφ/d(ln P), should diverge approaching T c in the supercritical regime as a negative power of the reduced temperature, τ ≡ (T -T c )/T c . This behaviour cannot be studied in coverage measurements because the vibrational resonance is too distorted in this regime, but as G is a smooth function of φ we anticipate the same scaling in the conductance isotherms. Figure 3c shows the maximum slope, dG/d(ln P), of each isotherm versus T . At 55 K and below, no matter how slowly we introduce gas, there is an instantaneous jump and the measurement is truncated by the 100 ms circuit response time. Inset is a log-log plot of (1/T )dG/d(ln P) versus τ taking T c = 55.5 K from the literature 26 . For larger τ it follows the power law τ −γ , where γ = 7/4, the critical exponent for the 2D Ising model universality class which we expect to apply here. On the other hand the points at τ < 0.03 lie below the extrapolated power law, consistent with finite-size suppression of the power-law divergence 28 roughly when 1/τ exceeds the nanotube circumference divided by the diameter of an argon atom. This is the first experimental system to allow studies of critical behaviour in 2D with a periodic boundary condition. The conductance also reveals the dynamics of the phase transitions. Figure 4a shows a series of closely spaced conductance isotherms near T c . Growing temporal fluctuations are seen on approaching T c , where critical fluctuations are expected. They cannot be caused by sample temperature variations, which would also produce fluctuations away from T c . In addition, below T c a sharp dip appears at the foot of the V-L step. A similar anomaly appears below T tr at the top of the V-S step (bold arrow), as can be seen in Fig. 3a , whereas none is seen at the top of the V-L step or on either side of the L-S step. These anomalies have large fluctuating components, as illustrated in Fig. 4b , where we monitor G while nudging the pressure repeatedly up and down through the L-V transition at 51 K. In both directions the anomaly appears on the V side but not on the L side of the transition. The number of fluctuations recorded depends on the precise pressure sweep rate. An enlargement of a transition with many fluctuations is shown in the lower part of the figure.
Instead of using the conductance as a passive probe, we can pass a current large enough to perturb the adsorbates and produce nonlinear effects. Figure 5a shows a set of I -V sweeps, both up and down, measured in several pressures of Ar vapour at 47 K. They exhibit a reproducible kink, with negative differential resistance, that moves to higher bias as P increases. The kink is a transition between a higher conductance level, obtained when a monolayer is present, and a lower conductance level matching that obtained in vacuum (black). When the conductance I /V is plotted against power VI (Fig. 5b ) each kink becomes a nearly vertical jump, and another smaller jump is visible at lower power. The jumps can be attributed to phase transitions resulting from Joule heating of the nanotube above the cell temperature. Assuming the nanotube temperature T tube is uniform (justified because the heat is generated mainly at the contacts) and its rise is proportional to the power, we expect T tube = T + αVI , where α is a constant. By requiring consistency between measurements at different cell temperatures we derive α = 0.088 K nW −1 . In Fig. 5c we plot the jump positions in terms of T tube at each pressure. The small jumps (green circles) and the larger jumps (red circles) lie on curves close to the S-L and L-V boundaries, respectively, in Fig. 3b . We conclude that I -V measurements can be used as isobaric temperature sweeps for rapidly mapping the phase diagram.
We see a variety of other nonlinear phenomena. For example, Fig. 5d shows I -V sweeps at 80 K in Xe vapour (T tr = 99 K), which exhibit sharp jumps. On cycling V there is hysteresis and metastability (Fig. 5e) , a natural consequence of positive feedback because in this case the conductance, and thus heating, increases when the monolayer evaporates. However, the current is not a single-valued function of power (Fig. 5f) , and the middle of the three levels has additional structure and a large difference in current from the low-bias S state, hard to reconcile with a simple uniform equilibrium L state. There are also anomalies near the jumps reminiscent of those seen in the conductance isotherms, and other unexplained features including the sub-steps at I /V ≈ 8 µS in the large jumps in Fig. 5b . Further studies using other adsorbates and nanotubes of known chirality will be needed to reveal the nature of such phenomena and to build a full understanding of coupling between adsorbates and conduction electrons.
Methods
Methods and any associated references are available in the online version of the paper.
The nanotubes are grown by chemical vapour deposition using H 2 /CH 4 at 800 • C and Fe(NO 3 ) 3 /MoO 2 catalyst, across trenches between pre-patterned Pt source and drain electrodes 16 on Si 3 N 4 /SiO 2 . The trenches are 1 µm wide and 0.5 µm deep, with a Pt gate on the trench bottom. We select nanotubes with small gaps (20-100 meV) because they have better electrical contacts than large-gap ones. The vapour cell is mounted in a closed-cycle cryostat with temperature range 4-300 K. The gas handling manifold and ceramic capacitance pressure gauge are at room temperature. The cell pressure P is lower than the gauge pressure P g in static equilibrium owing to thermal transpiration and is inferred by applying a correction 29 . The linear-response conductance G is measured using a 1 mV a.c. source bias at 600 Hz, a virtual-earth current preamplifier and a lock-in amplifier. The nonlinear I -V is measured using a d.c. source bias. The coverage φ is measured by adding to the source bias a swept radio-frequency signal at frequency f amplitude-modulated at f am = 1 kHz (see Supplementary Information) . Mechanical resonances 30 are identified as peaks in the mixing current measured by a lock-in amplifier referenced to f am . The equation φ = N a /N C = (m C /m a )[(f 0 /f P ) 2 − 1] gives a good measure of the coverage φ, where f P and f 0 are the positions of the mechanical resonance at pressure P and in vacuum respectively, m a is the molecular mass of the adsorbate, and m C is the atomic mass of carbon 6 .
